Heme oxygenase-1 (HO-1) is the rate-limiting enzyme of heme catabolism and has been assumed to be important in cellular response against oxidative stress through modification of the pro-oxidant heme into less toxic catabolites that behave as antioxidants. However, the precise mechanisms involved and the physiological significance of such activity remain to be clarified. To elucidate roles HO-1 plays in vivo, hepatocyte-specific conditional knockout (CKO) mice of HO-1 gene were generated by site-specific recombination using albumin-promoter-driven Cre-loxP system. In livers of HO-1 CKO mice HO-1 protein level decreased to approximately 30% of control mouse livers. The HO-1 CKO mice are viable, exhibit normal growth curves over six months, and show no histological and serological abnormalities. We found that several cytoprotective genes, such as NAD(P)H dehydrogenase quinone 1 and glutathione S-transferase P1, showed markedly elevated expression, suggesting the increase of oxidative stress in HO-1 CKO mice even under quiescent conditions. In vivo electron paramagnetic resonance studies demonstrated that signal decay times of nitroxyl radicals were significantly longer in livers of HO-1 CKO mice than that of control mice, indicating that radical scavenging activity was significantly compromised in the mutant liver. HO-1 CKO mice were susceptible to carbon tetrachloride hepatotoxicity. These results provide the first in vivo evidence that HO-1 acts to protect cells against the oxidative stress in both basal conditions and upon chemical insult.
Heme oxygenase (HO) is the first and ratelimiting enzyme in an enzymatic pathway that catabolizes the degradation of heme into biliverdin, iron and carbon monoxide (CO) (reviewed in Shibahara 2003; Furuyama et al. 2007 ). There are two isoforms of HO, i.e., HO-1 and HO-2. HO-1 is expressed in spleen, liver and many other tissues and expression becomes highly inducible under certain conditions. HO-2 is also constitutively expressed in a wide range of tissues, but do not share the same range of inducibility. In addition to the primary role HO-1 plays in heme catabolism, HO-1 aids in cytoprotection from various xenobiotic and endobiotic insults. In fact, HO-1 expression is induced by heme, as well as by a variety of non-heme inducers, such as hydrogen peroxide, ultraviolet (UV) irradiation, cadmium (Keyse and Tyrrell 1989) , endotoxin (Gemsa et al. 1974) , or nitric oxide (Marquis and Demple 1998) .
HO-1 has been assumed to be important in cellular response against oxidative stress through modification of the pro-oxidant heme into less toxic metabolites, such as biliverdin and bilirubin. In fact, both biliverdin and bilirubin have been reported as scavengers of peroxyl radicals (Stocker et al. 1987) . Although CO is known to be toxic at high doses, the cytoprotective effects of CO has been demonstrated in conditions associated with oxidative stress-induced apoptosis (Otterbein et al. 1999) . However, the precise mechanisms of how HO-1 exerts its cytoprotective effects against oxidative stress are not currently understood.
HO-1 gene has been reported to be transcriptionally activated by the basic region-leucine zipper (bZip) transcription factor Nrf2 (Alam et al. 1999; Ishii et al. 2000) , a key transcription factor that regulates expression of a battery of antioxidant and xenobiotic metabolism genes (Motohashi and Yamamoto 2004; Kobayashi and Yamamoto, 2005) . Upon exposure to oxidative stress, Nrf2 accumulates in the nucleus and activates a group of cytoprotective genes through antioxidant/ electrophile response element (ARE/EpRE) binding in regulatory regions of these genes (Itoh et al. 2004; Tong et al. 2007 ). Another bZip transcription factor, Bach1, has also been shown to compete with Nrf2 for ARE binding; Bach1 is known to repress transcriptional activity (Sun et al. 2002) .
The functional role of HO-1 has been analyzed by the utilization of a variety of metal protoporphyrin derivatives. For instance, cobalt protoporphyrin induces HO-1 and protects the liver from the stresses of ischemia/reperfusion. Reactive oxygen species (ROS) have been implicated in ischemia/reperfusion injury, and HO-1 seemingly counteracts ROS insult (Kato et al. 2001) . Conversely, tin protoporphyrin (SnPP) inhibits HO-1 activity and exacerbates hepatic injury upon exposure to carbon tetrachloride (CCl 4 ) (Nakahira et al. 2003) , which is metabolized into reactive intermediate trichloromethyl radicals (•CCl 3 ) (Connor et al. 1986 ). However, a conflicting report suggests SnPP-mediated HO-1 inhibition protects the liver from CCl 4 -mediated hepatotoxicity (Eipel et al. 2007) , and the implications of chemical inhibition of HO-1 activity upon oxidative challenge remain unclear.
Similarly, studies in mice using HO-1 gene disruption have been limited in scope due to prenatal lethality in this mouse model. These HO-1 knockout (KO) mice were generated by Poss et al (Poss and Tonegawa 1997a) and were observed to have a high incidence of prenatal lethality, due to anemia and iron accumulation, as well as an implicit susceptibility to endotoxin-induced inflammation (Poss and Tonegawa 1997b) . Embryonic fibroblasts derived from these mice were highly sensitive to oxidative stress caused by hemin and hydrogen peroxide, further supporting the notion that HO-1 aids in cytoprotective antioxidant activity (Poss and Tonegawa 1997a) .
To fully clarify HO-1 function in vivo, we generated hepatocyte-specific HO-1 conditional knockout (CKO) mice, as protective roles of HO-1 have been studied and suggested in the livers. Livers of HO-1 CKO mice had no apparent histological abnormalities, yet stress-inducible genes were markedly elevated in the mice. In vivo electron paramagnetic resonance (EPR) testing revealed that radical scavenging activity was diminished in HO-1 CKO mice. Furthermore, HO-1 CKO mice were markedly susceptible to CCl 4 -induced hepatotoxicity. These results demonstrate that HO-1 has a key role in modulating oxidative stress in hepatocytes.
METHODS

Generation of hepatocyte-specific HO-1 CKO mice
The full details of conditional targeting strategy of HO-1 will be reported separately (Hosoya et al. in preparation) . Briefly, a floxed HO-1 targeting vector was constructed with a loxP site inserted into the second intron and a floxed Neo cassette inserted downstream of the terminal exon. Homologous recombination in 129Sv-derived embryonic stem cells was conducted using standardized procedures (Hosoya et al. 2001) . Chimeric mice were crossed with C57BL/6 wild-type mice to generate HO-1 flox/+ mice, and the resulting mice were further crossed with Sycp1-Cre mice (Vidal et al. 1998; generously ) on mixed C57BL/6-129Sv background. Female mice aged 6 to 9 weeks were used for all conducted experiments with the approval of University of Tsukuba Animal Experiment Committee.
Quantitative RT-PCR
Quantitative RT-PCR was performed with primers and probes specific for glutamate-cysteine ligase catalytic subunit (Gclc), glutathione S-transferase A4 (Gsta4), glutathione S-transferase P1 (Gstp1), NAD(P)H dehydrogenase quinone 1 (Nqo1), and thioredoxin reductase 1 (Txnrd1) mRNAs as previously described (Katsuoka et al. 2005) . Ribosomal RNA was quantified in each experiment as an internal control.
Immunoblotting
Tissue proteins were solubilized with SDS sample buffer, separated by SDS-polyacrylamide gel electrophoresis, and then transferred onto a polyvinylidene fluoride membrane (Millipore, Billerica, MA, USA). HO-1 (SPA-895) and HO-2 antibodies (OSA-200) were purchased from Stressgen (Victoria, Canada).
In vivo EPR spin probe study
3-carbamoyl-2,2,5,5-tetramethylpyrrolidine-1-oxyl (Carbamoyl-PROXYL, Aldrich, Milwaukee, WI, USA) was injected via tail vein into mice (300 mM, 3 ml/kg body weight). Each mouse was then placed in a plastic holder and put into the EPR system, placing its upper abdominal area in the center, with the bladder area outside of the resonator (see Fig. 2B ). The EPR signal derived from the area is illustrated in Fig. 2C . Signal intensities were measured using ESR-NT software (Jeol, Tokyo, Japan). Rate constants were measured every 20 s from 4 to 12 min after the carbamoyl-PROXYL injection. The peak-to-peak height of the lowest magnetic field signal in the triplet spectrum was defined as the signal intensity. EPR conditions for these in vivo measurements were as follows: magnetic field, 37.0 ± 5.0 mT; modulation width, 0.069 mT; time constant, 0.3 s; microwave power, 0.1 mW; scanning time, 20 s. The spin clearance of carbamoyl-PROXYL signal intensity was semi-logarithmically plotted against time. The first order spin reduction rate constant (κ ) was estimated from the slope value of the observed clearance curve, which was obtained by best fit. The half-life was calculated using the equation: t1/2 = ln2/κ (Hirayama et al. 2003) .
Carbon tetrachloride hepatotoxicity
Acute liver injury was induced by CCl 4 (Wako, Osaka, Japan). CCl 4 was suspended at 3 μ l/ml for low dose and 30 μ l/ml for high dose in corn oil, and 10 ml/kg of each solution was administered intraperitoneally to mice. The mice were sacrificed at the indicated time points after injection. The concentration of aspartate aminotransferase (AST), alanine aminotransferase (ALT), total bilirubin, alkaline phosphatase (ALP), and lactate dehydrogenase (LDH) were measured with an automated biochemical analyzer, DRI-CHEM 7000V (Fujifilm). Hepatic lesions were graded from 0 to 4 (0, no lesions; 1, degeneration of centrilobular hepatocytes; 2, slight centrilobular necrosis; 3, moderate centrilobular necrosis; 4, severe centrilobular necrosis), as previously described with minor modifications (Enomoto et al. 2001) .
Histology and immunohistochemistry
Livers were fixed in 10% neutral buffered formalin, and embedded in paraffin for hematoxylin/eosin (HE) staining or immunohistochemistry using HO-1 antibody (ab5247, Abcam, Cambridge, United Kingdom). To induce HO-1 expression in hepatocytes, hemin was administered intraperitoneally (30 mg/kg body weight (bw)) 24 hrs before analysis. Sections were counterstained with hematoxylin. Iron accumulation was assessed by Prussian blue staining.
RESULTS
Generation of hepatocyte-specific HO-1 CKO mice
To evaluate the antioxidative activity of HO-1 in vivo, we generated a hepatocyte-specific HO-1 CKO mice for this study. To this end, a mouse line harboring loxP sites flanking exon 3 to 5 of HO-1 gene (floxed HO-1 gene), which has been generated in this laboratory (Hosoya et al. unpublished results) , was utilized. Floxed HO-1 mice were crossed with transgenic mice expressing Cre recombinase under the control of the hepatocyte-specific albumin promoter and creating the HO-1 CKO line using for the current study (METHODS). Recombination efficiency was examined by Southern blotting analysis, and appears to be approximately 60% (Fig. 1A) . In relative agreement, immunoblotting revealed that the hepatic HO-1 protein expression in CKO mouse livers was approximately 30% of control mouse levels ( Fig. 1B and C) . No significant change in protein levels was observed for HO-2 (data not shown).
We surmise that the presence of a wild-type allele (in Southern blotting) and remaining expression of HO-1 protein (in immunoblotting) in HO-1 CKO mice is due to the expression HO-1 in Kupffer cells. HO-1 protein in Kupffer cells was observed in the livers of HO-1 CKO mice (Fig.  1D, left panels) . Immunohistochemistry demonstrated that HO-1 was induced in vivo upon administration of hemin in hepatocytes of control, but not HO-1 CKO mice (Fig. 1D, right panels) . We did not observe any significant differences in the number of HO-1-positive Kupffer cells between two genotypes (data not shown). These results thus demonstrate that HO-1 protein is specifically knocked out in hepatocytes.
The hepatocyte-specific HO-1 CKO mice are viable and exhibit normal growth curves for up to six months (data not shown). No gross abnormality was observed upon routine histological examination (Fig. 1E) . While iron accumulation was reported in the liver of conventional HO-1 KO mice over 6-month old (Poss and Tonegawa 1997a) , no significant iron accumulation was seen in livers at the similar age of HO-1 CKO mice (data not shown). To assess the functional capacity of the liver, serum ALT, AST, total bilirubin, ALP and LDH levels were measured in both genotypes. No significant change was observed in HO-1 CKO mice compared with control mice (data not shown). These results suggest that HO-1 is dispensable for major physiological functions of the liver during development and in the adult stage. Thus Alb-Cre CKO mice escape the prenatal mortality associated with whole-body HO-1 deletion.
Stress inducible genes are upregulated in livers of HO-1 CKO mice
To examine whether the stress response is defective in HO-1-deficient livers, expression of stress-inducible genes in the livers of HO-1 CKO mice was examined. Since Nrf2 plays crucial roles in stress responses, we examined the expression of Nrf2-regulated genes. Of the Nrf2-target genes, Nqo1, Gstp1 and Txnrd1 were all significantly elevated in livers of HO-1 CKO mice compared with control mice (Fig. 2A) . Gsta4 and Gclc expression was also slightly induced in HO-1 CKO mouse livers, yet was not statistically significant ( Fig. 2A) . These results suggest the occurrence of increased redox stress in HO-1-deficient hepatocytes. We surmise that HO-1 contributes to the maintenance of redox homeostasis even in unstressed hepatocytes. 
Radical scavenging ability is significantly impaired in HO-1 CKO mouse liver
We next examined whether HO-1 contributes to the reduction of radical species in vivo. For this purpose, we utilized EPR spin probes to measure radical-reducing activity in livers of HO-1 CKO mice. A nitroxyl radical, carbamoyl-PROX-YL, was injected into either HO-1 CKO or control mice and EPR signal decay in liver was measured over time. The half-life of carbamoyl-PROXYL was significantly longer in HO-1 CKO mice than in control mice ( Fig. 2C and D) . The radical scavenging activity was measured within 10 min after the administration of the tracer, meaning that the hepatocytes were not subjected to long periods of oxidative stress. Thus basal expression of HO-1 in hepatocytes critically contributes to antioxidative activity of the cells.
HO-1 CKO mice are susceptible to CCl 4 -induced hepatotoxicity
Next, the susceptibility of HO-1 CKO mice was examined upon chemical challenge with the pro-oxidant CCl 4 . To this end, CCl 4 , a wellknown chemical that induces hepatotoxicity through generation of reactive intermediate tri- Median (range), n = 4. CCl 4 was suspended at 0.3, 1, 3, 9, 30, and 90 μ l/ml in corn oil. 10 ml/kg of each solution or corn oil alone was administered intraperitoneally to mice. chloromethyl radicals, was administered to both control and HO-1 CKO mice (Connor et al. 1986) . A dose-response study with CCl 4 was first conducted using control mice (Table 1) . Median AST and ALT concentrations remained low at 30 μ l/kg bw administration, but the scores dramatically increased at 90 μ l/kg bw. Therefore, 30 μ l/kg bw CCl 4 was used for a low dose and 300 μ l/kg bw as a high dose for subsequent studies. High dose CCl 4 administration revealed no significant differences between control and HO-1 CKO AST/ALT concentrations (Fig. 3A, right panels) . In stark contrast, low dose administration revealed AST and ALT values that were significantly higher in CCl 4 -treated HO-1 CKO mice than control (Fig.  3A, left panels) .
Histological examinations demonstrated that low-dose CCl 4 caused significant necrosis of hepatocytes surrounding the central vein. Necrosis was much more severe in HO-1 CKO mouse livers than in control (Fig. 3B) . The pathology scores for HO-1 CKO mice were significantly higher than control (Table 2) . These results demonstrate that the HO-1 CKO mice are susceptible to CCl 4 -induced hepatotoxicity.
DISCUSSION
In this study, hepatocyte-specific HO-1 CKO mice were engineered. This conditional Cre-loxP system under the control of the albumin promoter allows for examination of hepatic HO-1 function in vivo in the adult animal. Although HO-1 inhibitors have allowed for some insight into HO-1 liver function, the analysis with these chemicals has been fraught with discrepancies and complications in interpretation. The present HO-1 CKO mice display no outward phenotype, but the radical-reducing capacity of the liver is compromised. Supporting this notion, compensatory expression of a set of stress-inducible genes in liver was observed in HO-1 CKO mice. When these HO-1 CKO mice were challenged with the oxidant CCl 4 , these mice were markedly sensitive to the increase in oxidative stress. These results provide solid line of evidence that HO-1 aids in maintaining redox homeostasis in the liver in vivo.
No apparent histological abnormalities were observed in HO-1 CKO mice, suggesting that HO-1 is a dispensable element in moderating the basic functions of the liver. Although HO-1 was generally thought to play a critical role in mediating redox stress, basal expression HO-1 in hepatocytes generally remains quite low (Bauer et al. 2003) . Therefore, the significance of the basal expression of HO-1 was rather unclear, while in contrast the inducible expression was thought to be important for hepatic HO-1 functions. It should be noted that in this study we observed compensatory induction of various Nrf2-target genes (Itoh et al. 1999 ), e.g., Nqo1, Gstp1, and Txnrd1, in HO-1 CKO mice even under basal conditions. Similar to HO-1, these genes play a critical role in mediating oxidative stress and aiding in cellular detoxification (Motohashi and Yamamoto 2004; Kobayashi and Yamamoto 2005) . Despite marked upregulation of these genes involved in cellular protection, in vivo EPR studies revealed a diminished free-radical scavenging capacity in HO-1 CKO mouse liver. These results demonstrate in vivo that the basal expression of HO-1 is crucial for the maintenance of liver homeostasis and that HO-2 and the other antioxidant enzymes expressed in hepatocytes are incapable of compensating for HO-1 loss. In (n = 4). Hepatocytes damage score was significantly higher in the HO-1 CKO mice compared with the control mice at every time point (P < 0.05).
HO-1 CKO livers other stress responsive pathways may be activated. This conclusion is shown schematically in Fig. 4 .
The function of HO-1 in the liver after CCl 4 exposure has remained somewhat controversial in the literature. Whereas one report presents evidence that HO-1 induction protects against CCl 4 -mediated hepatotoxicity (Nakahira et al. 2003) , a second report suggests that HO-1 inhibition is the true cause of protection (Eipel et al. 2007 ). The current in vivo model demonstrates that hepatocyte-specific loss of HO-1 is clearly detrimental to overall hepatotoxicity as measured by histology, pathological scoring and measurement of ALT/AST levels. We surmise that this is likely due to heme accumulation as well as a decrease in the formation of the antioxidant-scavenging and anti-inflammatory capabilities of the HO-1 catalysis end-products, namely biliverdin and CO. HO-1 is highly inducible after CCl 4 administration (Nakahira et al. 2003) , and thus may serve as an important part of the antioxidant response to CCl 4 bioactivation to the trichloromethyl metabolite by phase I enzymes.
In conclusion, the generation of hepatocytespecific HO-1 CKO has allowed for more direct analysis of HO-1 function in both the basal condition and upon chemical pro-oxidant challenge.
Although HO-1 CKO mice have strong compensatory induction of cytoprotective genes in the basal condition, the radical scavenging capabilities of the liver remain impaired. Furthermore, HO-1 CKO mice are sensitive to CCl 4 -mediated hepatotoxicity, suggesting that HO-1 plays an important role in protection from pro-oxidants such as CCl 4 . Thus, the current study sheds new insight into the role of HO-1 in the liver, and implicates HO-1 as an important enzyme in maintaining redox balance in both basal conditions and upon oxidative and chemical insults. Under basal conditions, HO-1 aids in maintaining redox homeostasis, e.g. endogenous stress generated by a variety of endogenous metabolic pathways, in tandem with other antioxidant enzymes. When HO-1 is lacking, an increase in antioxidant and detoxification genes is observed, yet the total antioxidant capacity is diminished overall.
